INTRODUCTION
Diabetes is a widespread problem affecting over 25.8 million people in the United States 2 alone (8.3% of the US population), with 90-95% of cases in adults being type 2 diabetes mellitus 3 (non-insulin-dependent diabetes mellitus, T2DM) [1] . T2DM has detrimental impacts on 4 multiple organ systems including the renal, circulatory and nervous systems. There are 5 destructive effects on the musculoskeletal system as well, although studies are limited in 6 comparison to other systems. T2DM patients have a higher fracture risk despite having a higher 7 BMD [2] . The increased fracture risk can partially be explained by increased fall risk as a result 8 of complications from T2DM such as peripheral neuropathy and impaired vision [3] . Reductions 9 in bone quality may also play a role, and while studies in humans are limited, intrinsic 10 mechanical properties of bone in animal models of diabetes are reduced [4, 5] . 11 The reduction in bone quality with T2DM is likely the result of chronic hyperglycemia 12 increasing the presence of advanced glycation end products (AGEs) [6] which form when 13 reducing sugars react with free amino groups in proteins. Permanent non-enzymatic crosslinks in 14 collagen form when sugars react with Lysine or Hydroxylysine residues and the subsequent 15 Amadori product reacts with neighboring Lysine or Arginine residues [7] . In contrast to 16 enzymatic crosslinks which are beneficial to bone quality and are produced in a tightly regulated 17 process, non-enzymatic crosslinks form randomly [7] . The non-enzymatic crosslinks presumably 18 reduce bone quality by inhibiting collagen fibril slip [8] [9] [10] , which is theorized to be a major 19 toughening mechanism for bone at higher length scales [10, 11] . However, few studies have 20 directly investigated the collagen ultrastructure in diabetic tissues and made attempts to link 21 these changes to compositional and mechanical changes at higher length scales. RPI to investigate correlations between composition and the RPI device BioDent Hfc. We 7 hypothesized that diabetes-induced effects would be detected through alterations in the nanoscale 8 morphology of collagen, changes in bone Raman signatures, increased matrix stiffness and 9 increased indentation depth increase in diabetic rats. 10 following the initiation of the high fat diet and blood serum analysis at 30 weeks of age verified 9 that each ZDSD rat maintained a blood glucose level that was above the diabetic threshold (>250 10 mg/dl) after returning to regular chow. Following sacrifice, right tibiae and tails were harvested, 11 wrapped in saline-soaked gauze and stored at -20°C until needed (n=9 per group). 
MATERIALS AND METHODS

1
Animals
Atomic Force Microscopy
13
From the tibia (n=4 per group), a 12 mm section of the diaphysis surrounding the tibia-14 fibula junction (TFJ) was removed using a low-speed sectioning saw, mounted anterior-side up 15 to a steel disk with cyanoacrylate glue, and polished using a 3 μm diamond suspension to create water. This process was repeated 4 times. Samples were imaged using a BioScope Catalyst AFM 19 in peak force tapping mode (Bruker, Santa Barbara, CA). Images were acquired from 4-5 20 locations in each bone using a silicon cantilever with a silicon probe (tip radius ~ 8 nm). At each 21 location, 10-15 fibrils were analyzed in 3.5 μm x 3.5 μm error images (~70 fibrils per bone) 22 using 2D Fast Fourier Transforms (2D FFT) as previously described [12] [13] [14] [15] . Briefly, 2D FFTs 1 were performed on individual fibrils and the first harmonic peak from the power spectrum was 2 used to determine the D-periodic spacing for that fibril.
3
From the tail of each rat (n=4 per group), ~75 mm lengths of individual tendon fascicles 4 were removed and placed in phosphate buffered saline (PBS). Each fascicle was placed on a 5 glass slide and gently flattened with curved forceps. The fascicle was allowed to dry just long 6 enough to adhere to the glass before imaging in air. Samples were imaged using a BioScope 7 Catalyst AFM in peak force tapping mode. For at least three fascicles per tail sample, images 8 were acquired from 1-2 locations using a silicon nitride cantilever with a silicon probe (tip radius 9 ~ 2 nm). At each location, 10-15 fibrils were analyzed in 5 μm x 5 μm error images (~90 fibrils 10 per tail) using 2D FFTs. 
Raman Spectroscopy
12
From the remaining tibia (n=5 per group), a 12 mm section surrounding the TFJ was Northampton, MA) was used to fit a single Gaussian peak to the phosphate PO 4 3-ν1 peak and to 2 integrate the peaks corresponding to PO 4 3-ν1, CO 3 2-ν1, Amide III, CH 2 wag, and the Amide I 3 envelope ( Figure 1 ). Wavenumber ranges for each peak were kept standard across all spectra and 4 were chosen based on previous literature [16, 17] Measurements within each sample were averaged to yield the mean fibril spacing for that 9 sample. In bone, the overall mean D-spacing was 66.1 ± 0.8 nm for CD and 66.5 ± 1.5 nm for is widely believed that AGEs are the driving mechanism behind changes observed in bone from 6 T2DM patients and animal models of the disease [19] , AGE levels were not quantified here but 7 the early glycation product Hb1Ac was significantly increased over 2.5 times that of CD (Table   8 1 Ash fractions and bone mineral density measurements performed on femora from the 5 animals used in this study revealed lower mineralization in ZDSD samples (Table 1 ). However, 6 Raman spectroscopy revealed an increase in matrix mineralization based on all three 7 mineral/matrix metrics here (Figure 3 ). This discrepancy could be attributed to differences 8 between sampling volume for the two techniques. Confocal Raman microscopy was largely 9 restricted to the first ~50 μm in depth on the surface whereas ash weight fractions were a global BioDent system compared to a several millimeter cross section of the whole bone using bending. The correlations to RPI for CO 3 2-ν1/ PO 4 3-ν1 in ZDSD demonstrated that RPI is sensitive to 10 subtle changes in mineral chemistry.
11
As opposed to the approach taken for indentations performed in the proximal tibia, day of ZDSD, p=0.015) and tendon (n=371 in CD, n=350 in ZDSD, p<0.001) compared with CD rats. 10 The ZDSD distribution is wider and shifted higher in both tissues with differences more 11 pronounced in tendon. 
